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1. INTRODUCTION
This document is the final report on the work performed by

the maghetic fields investigation team during the mission def-
jnition phases of the Outer Planets Grand Tour (OPGT) and the
Mariner Jupiter Sﬁturn (MJS) Missions. This work involved three
tasks: defining the objectives of the magnetic fields investi-
gations, defining the magnetometer systems required to meet these
objectives, and developing and testing hardware elements in certain

mission-specific areas.
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IT. TEAM.MEMBERSHIP AND STRUCTURE

The magnetic fields investigation team is organized into .
three .groups. One is concerned with the scientific aspects of
missions to the outer planets and the other two are concerned with
the instrumentat{on required for magnetic field -investigations
on such missions. The activities of these three groups were co-
ordinated by the team members at UCLA with the assistance of the
staff there. The UCLA people also supported those activities of
the team 1eadér that were difect]y related to his barticipatioq
on the Science Steering Group for the Outer Planets Grand Tour
(0PGT) and Mariner Jupiter Saturn (MJS).

The members of the team are:

Amoc Rasearch Canter

Dr. David S. Co]burn,<Depdty Team Leade
Mr. Carle Privette :
Dr. Charles P. Sonett

Brigham Young University

Professor Douglas E. Jones

California Institute of Techno]ogy

Professor Leverett Davis, Jdr.

Imperial College of Science and Technology

Professor Harry E. Elliot
Dr. Peter Hedgecock

Jet Prgpu]éion Laboratory

Mr. A. Frandsen
Mr. G. Reisdorf
Dr. E.J. Smith

University of California, Los Angeles

Professor Paul J. Coleman, dJdr., Team Leader
Mr. Robert C. Snare '
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University of Chicago

Professor Eugene Parker . ' .

, Univeréity of Newcastle upon Tyne

. Professor S. Keith Runcorn
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ITI. SUMMARY OF TEAM ACTIVITIES |

During the period April-December, 1971, the magnetometer
1teamAdéfined the objetthes of magnetic;f{er,investigations on
missions to the outer planets, defined an instrumentation system
with which to accomplish these objectives, probosed a Erogram of
studies and instrument development tasks for the mission defini-
tion phase of the Outer Planets Grand Tour (OPGT) project, and
undertook the execution of this program. (

The team also established requirements for the spacecraft
and the mission whiéh would insure their compatibi]ity with the
magnetic fie]d investigation proposed for the outer planets mis-
sions and‘developed ffgures of merit for encounter trajectories.
Finaliy; the team, in collaboration with the QPGT Proiect Office,
worked to define the spacecraft-instrumentation interface and the
on board data handling systeh; This 6PGT work is, for the most part,
covered in various working papers and reports by the team, by the
Science Steering Group (SSG), and by the OPGT Project Office at
JPL.’

During the period January-April, 1972, the team participated
in defining the program for exploring the outer planets within
 the more restrictive constraintsof the Mariner Jupiter Saturn (MJS)
.mission. This task included defining a suitably limited magnetic
fields investigation as well as re-examining and modifying as
required the results of the OPGT work described in the preceding
paragraph. This MJS work is covered in previous repofts by the

various groups including the team, the SSG, and the Project Office.
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IV. THEORETICAL STUDIES
‘The theoretical studies of the team were dirécted toward
4 mode]fng the magnetic énVironments of the oﬁter pianets and
‘their satellites and the outer heliosphere. The purpose of these
tasks was to establish performance specifications and requirement§
for the instrumentation, spacecraft, and mission procedures and
to determine the relative merits of the achievable trajectories
for the magnetic field investigations on OPGT. - Likely methods
of data ana]y;is were also studied so that any reéu]ting requirements
on the instrumentation and data handling system.could be established.
At CIT, a program was written and tested that will deter-
‘mine the-magnetic mulfﬁpo]e moments of a-planet such as Jupiter

fram abhcevvatinne made on 2 navahgplin tvadiocto
) rrvations mag n 2 pavadbe:ig tvrajec
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i T2 LR PR TR AN A LTI 1 i) [ S

| possib]e to determine all dipole and quadrupole terms from observa-
tions made in a plane and if-appearsfvirtua11y certain that with
good data the octupole terms can also be determined. The pro-

gram also determines the rotation rate of the hidden core in which
it is assumed the sources are fixed and the spherical harmonic
coefficients in the expansioh of the contribution to the field by
external sources such as currents in the magnetopause.

Programs were also written and tested to generate adequateiy
accurate hyperbolic trajectories corresponding to a variety of
possible flybys and to generate artificial test data for each.
Thié test data, based on assumed Squrces and rotation rates of
the core, can then be analyzed by the basic program. In this way
it can be determined whicﬁ of a variety of possible trajectories

allows the most accurate determination of the multipole moments.
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These programs will be useful in determining the accuracy that

can be expected with varying amounts of noise in the data but

l will be less useful with MJS than with the Grand Tour because

with fewer alternative launch times and missions contemp]ated;

there are fewer a]térnatives among which to choose, and what

choices there are are usually dictated by other considerations.
The theoretical/model studies at ARC and Newcastle were

adequately covered in the team report dated May 1.

134
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V. INSTRUMENT DEVELOPMENT

In order to insure the availability of instrumentation suit-

" able for the proposed-magnetic fields investigations on missions

to the outer planets, several instrument development tasks were
undertaken by the team. The objectives are to analyze and test

modified state-of-the-art magnefometers in order to identify any
modifications and improvements that would be desirable for such missions.

Two types of magnetometers were examined in this study,
the vector fluxgate magnetometer and the vector helium magnetometer.
The test-model fluxgates are ones designed at the Ames Research '
Center ard incorporating ring core sensors designed at the Naval
Ordnance Laboratory and then fabricated by Schonstadt Instrumént
Co._for Imperial College. The test-model helium magnetometer‘
is a modification of one developed at the Jet Propulsion Laboratory
for Pioneer/Jdupiter.

Procedures for simulating the radiation environments of the
missions were developed, prototypical instruments or components
thereof were tested and their respective designs received to see
how their reliability and radiation resistance might be improved.
This work is coverdd in the team report dated May 15, 1972.

A detai]ed‘description of the fluxgate test unit used
at ARC is contained in Appendix I.

Additional studies of the vector helium sensor were per-
‘formed by BYU and JPL. A1l of the experimental work was per-
formed using the facilities at JPL and the analysis was performed
both at JPL and at BYU.

The objectives of our study program, as performed in con-

)
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junction with JPL personnel, included the following: *

1. Empirical and theoretica] studies of cell and lamp
parameters affecting the ultimate sensitivity of the
hélium instrument.

2. Empirical and theoretical studies of the factors af-
fecting the zero field offset other than those caused
by thermoelectric currents.

In both of the above study areas, we attempted to understand
the fundamental physics of all mechanism involved so that pre-
dictions could be made with some confidence. As a result of our
- efforts, the BYU/JPL team was able to develop a specific sensor
design having the characteristics that were as gbod or better
than those outlined as goals in the beginning of this program,

Our theoretical/analytical studies included work in the
following specific areas:

1. High sweep field offset in ‘the x-z and x-y sweep modes.

In general, for the x-z mode we find

Hoy = [ZBZ/K(4B-Z)°HSVx(fQ) v L2V (F) /KK

for H, large (i.e., g1, o+0). Here, H . 1s the effective offset
field in the x direction as a function of the fo modulation sig-

nal Vx(fo). The parameters o and B are given by
_ 2 2
a = H + Hay/Hs

2,42 2,42
(Ho/HE) + (HI/HD)

with H0 = an equivalent field related to the metastable helijum

]
o
+

B

relaxation time, H, = the total ambient field, Hy = the sweep -

frequency. For the x-y sweep mode this becomes
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2

=gl T
Hyx =[8°/2K(B-a-1)IHGV, () ~ HOV, /2KH,

: This.ahalysis suggests that for high field operation (high sweep
field unless the adaptive mode is used) the x-y mode should only
be used on the lowest scales.

2. Spectral measurements of DO and D3 light versus lamp
pressure and power.‘ A 1.8 meter Jarrell-Ash grating spectro-
photometer was used to measure the intensity of the Do and D3
light from a numbér of Pioneer type lamps filled at different
pressures and operated over a range of matched fnput powers.

These dafa suggested an empirical fit of the form-

S = A(1 - e'm\(P/Po)B)e'o‘(P/Po)B
The parametérs ethbiting a best fit to the data were A = 12.6,
a = 0.692, Pb = 5.5 mm Hg and 8 = 1.28. Test data obtained prior
to this study period by other JPL personnel suggested a possible
dependencé of 1ightAoutput efficiency on'lamp element diameter,
but'we.were unable to conduct a detailed analysis program to pur-
sue this effort further. However, it was possible to estab]%éh
an optimum lamp pressure for the Pioneer lamp configuration. |
3. _H0 and.the electron collision time Fe. We were able to
measure the effective collision time in the cell discharge by
means of a new technique using the parameter H0 found in the
magnetometer signal expression developed by B. Connor. The
parameter Ho is given by'Hb = 1/Yrr’ where Fr is the metastab]g
relaxation time and y is the magnetogyric ratio. The expression

by Conner is
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‘

2 4+ ne(1)]

V(t) = K[HE(t) sin® o(t)/H’

-Here‘K is the peak‘amplitude (1argé sweep fie]d) of the second
harmonic "and H0 is obtéined by.measuring the sweep field magni-
fude corresponding to V(2f0) = K/2. Our §tudy has- shown that the
effective collision time, Tes in the 1.5 mm Hg cell is about 0.12
milliseconds which strong]y suggests collisions between the meta-
' Stab]es-and hot (4 ev) electrons as opposed to wall collisions.

- 4. The theoretical dependénce of K/H on pumping light. The
qhahtity K/Ho is a basic measure of the ultimate responsitivity
of the helium instrument that relates to the physica],processeQ
_ﬁn the cell itself that results from the co]]isioné] and pumping

process in the cell. We found that
/Mg = 98T /1 + (a/DyT)

where o is a-parameter that dépends upon the atomic cross section,

~etc., D, is the intensity of the D, component of the I.R. pump-

o
ing light, B is a parameter relating K-to Do'and re'the effective
collision time. We found exce]]ent agreémént between the-shape

of the predicted curve and that measured in the laboratory.

5. . Uitimate_frequency response of the helium instrument as.
a result of the pumping and depumping times. Measurements and
theory suggest méxjmum sweep frequencies of the order of 5-10 KHz.
: 6. Offset thanges versus cell and Tamp power, and sweep
~amplitude and frequency.
7. Noise spectrum measufements, ultimate sensitivity versus

sweep frequency.
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8@} Measurement of thé shift in the magnetic center versus
discharge configuration.- | |

| 9. Detérminafion»of the cell 1ehgth versus cell pressure
for peak‘signal td noise. In this program a theoretical expres-
sion was derived relating the minimum cell power optical pumping
sigﬁa] to the éorrespohding cell obacity and a fit.obtained to
~ the experimental data. As a result, it was pbssib]e fq deter-

mine the optimum cell length corresponding to that cell. pressure
for\hhfch a reasonable ignition vo1tage.was required.
10. A measurement of the éffect of cell discharge geometry
onisensor-sensitivify. ' ’

"11. The fundamental minimum offset due to the interaction
of the magnetic moments of pumped helium atoms with the rotating
magnetic fié]d‘ih the présence'of sweep and ambient field gradfents.
A theoretica1 study of the interaction of the magnetic moments
of he]ﬁum atoms with the rotating sweep field has resulted in a
" self-consistent explanation of the offset measurements conducted
in both the cryogenic flux tank and the mu-house. HOther pre-
dictions of this mechanism have not been checked out as of yet.

]2.f As a result of a theoretical study of the sénsitivi;y
aﬁhievabie in the tranéverse sweep or x-y mode a cross-cell sen-
sor has been proposed.incorporating the optimum cell length-
pressure re]ationship. .This sensor should permit operation with
va_sénsit1V1ty pf‘better than 1 mi11igahma rms on all three axes.
Verification fests have not been obtained as yet, a]fhough 1 milli-
gamma operation in the x-z mode with a standard cylindrical cell of
optimum 1engtH has been achieved at optimum sWeeb magnitude by

JPL personnel.
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Introduction

The proposed mission to Jupiter and Saturn by a Mariner space-
craft in 1976 will include a magnetometer which is to be capable
of measUEing both the low fields of interplanetary space (5-10
milligamma) as well as the high fields expected in the Vicinity of
Jupiter (.1-1 gauss). -THe fluxgate magnetometer is a good con-

' tender for this application sinqe the 1nhe¥enf simplicity, large-
dynamic range and proven reliability of the fluxgate instrument
are_we]i known. | |

A study program to determihe the resolution of the f]uxgate
sensor was established to see if the scientific requirements of
thé miQSion cou]d_be_met by the fluxgate instrument. The main
goal of the study program wés to see if the fluxgate could detect
milligamma fields while exhibiting long term stability. .

Fluxgate Test Unit

In the critical evaluéfion of ring core fluxgate sensors it
~was suspected that the drifts and noise previously thought to have
their origin in the sensor were in fact due to the associated
electronics. - With this in mind; an electronic test set was de-
veloped fq_overcome the more onious sources of drift-and noise.
Fluxgate sensor drift can be caused by variations in the
drive signal. Frequeﬁcy drift in the drive signai shows up as a
phase shift in the»sense'winding signa]-output'producing apparent
drift. The .use éf a-crysfa] controlled timing circuit eliminates
“this effect. -Sensor drift can also be caused by the-change of
second harmohic content of the drive signal. This effect'is

minimized by using amplifiers with a high degkee'of feedback and
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complementary matching drive transistors. High frequency noise
can be caused by noise in the drive amplifier. Drive amplifier
noise reduction is achieved by runhing.each drive amplifier stage
at low gain and well within their operating range.
High frequency noise in the sensor output also can be minimized
by using a sense winding amplifier having a mihimum bandwidth and

N

-using low noise amplifiers. .
| Both offset and noise can be caused by the sense signal de-
modu1ator and following integrating amplifier. In the f]uxgate
test unit specia] care was used in the design of each of these -
stages- though no unusua] techn1ques were used

The overall design of the fluxgate test unit fo11ows con-

ventional uublgﬂb which have bzen uscd numerous times in spac

(4]
ﬂ)

D

“however, through the use of the techniques mentioned above and
through the use of recentTy developed integrated circuits a
significant improvement was observed over previous designs. For
.examp1e, drifts previously attributed to the sensor of 0.1 gamma
or so were not seen with the test unif, peaketo-peek noise at 10
Hz was reduced and apparent 1nstabi]ities_in the f]u*{tank were.
no Tongerléeen. | '

Circuit Design

The fluxgate test unit follows conventional design techniques
"as can be seen from the block diagram of Figure 1. The drive
winding of theosensoh is driven at 5 khz and the second harmonic
siQha] from the sense winding is filtered and amplified by a narrow
band AC amp]ifier-centered at 10 kHz. The output of the AC

amplifier is demodulated by a pair of inverted transistor switches.
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The 10Q'frequency signal from the démodu]ator is amp]ifiéd”by an
.intégrating amp]iéfer with avfrequency of 5 Hz. The integrating
amplifier output is used to prov%de féedback signals to the sensor
and is Qsed as the ani]tergd output of the test unit. Y

A cryétal oscillator and associated count down circuits pro-
vide the timiné for the test unﬁt.. Demodulator sw{tching signals
_are téken directly from the timing chain whi]e the drive signal
- timing is delayed by an adjustable mbnostab]e to é]]ow for phase
adjusthent of the demodulator phase with respect to the dfive signal.

A11 components used in the fluxgate test set were seléected to
be.intercﬂangeable WithAcommon1y available pérts used for space
flight brograms. | | |

Narvowband AC Ampnlifier

The AC.amb1ffier has threé gain stages and two bandpass
filters. Siéna]s from the sense winding of the fluxgate sensor
are péssed through the .first bandpass filter stage to eliminate
"~ any:drive signal from the inﬁut to the first AC amplifier stage.
Drive éigna] components appearihg atuthe_first ampiifier can
cause digtoftion thereby producing apparent offsef ih the sensor.
The first AC amplifier is a LM725 low noise integrated circuit
amp}ifiér opefated ap>a gain of 200. The output of this ampli-
fier is passed through the second bandpass filter further re-
“moving any spurious sigﬁa]s from the sensor and limiting the
frequency conteht of the sensed signai. The second AC amplifier,
.a LM725, has a gain cf 500. Both the first and secoﬁd AC ampli-
fier-are compensated to dive a total stable gain of 700 dc at

10 kHz. A third ampiifier, an output buffer, isolates the

/
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second amp11f1er from the demodu]ator switching transistors. This
amp11f1er, a LM30] is connected as a vo1tage follower with a
gain of two. The bandpass filters used for the AC amplifier have
a 100 Hi bandpass at 10 kHz. To avoid phase shift due to the
filters thé first stage filter has a leading phase.characteristic
and the second f11ter a lagging character1st1c The twe filters
. 1n cascade then have a phase shift of less than 60° over the band-'
~pass. Figure 2 shows the AC amplifier gain versus frequency
performance. The schematic for the AC amplifier shown in.Figure 3.

Drive Amp]1f1er

’s

The drive amp11f1er Shown in Figure 4 is capab]e of prov1d1ng
up to one amp peak current to a11ow dr1v1ng a number of different
typeslof ring core sensors. Special care is‘taken in the drive
aminfier td eTihinate second harmonic'distortion by using a
comb]ementaryvoutput stage and power supply decoupling. Two 709
operational integrated circuits are used rather than a single
~amplifier to minimize drive signal distortfon and noise ~ The
first drive amplifier acts as an 1mpedance match1ng c1rcu1t for
the. dr1ve bandpass filter and the second amplifier dr1ves the
comp1ementary compound emitter follower ‘used in the output cir-
cuitr The sine wave signal for the drive amplifier is generateddby
passing the output of an analog switch, a square wave, through a
-5 kHz bandpass filter. The analog switch timing is derived from
the timing Chain; Drive level is adjusted by controlling the DC
»leVé1 to the analog switch. Adjustment of the DC level to the
ana]dg switch rather than changing fhe gain of either drive

amplifier stage prevénts any change in frequency characteristics
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of the overall drive .amplifier.

Timing and Logic Circuits

The primary f%ming of-the-inStrumenf comes from a 5.12 MHZ
crysta]ifo110wed by a count down of 256. The resultant 20 kHz
signal is divided by two by a JK flip flop producing two 10 kHz
symmetric squake waves.opposite in.phase. The 10 kHz signals
A drivé:the demodulator switches. The drivé signal timing is pro-
duced by dividing the 20 kHz signal by 2 and passfng the resulting
10 kHz through an adjustable monostab]e multivibrator. The phase
of the drive signal is adjusted by chapging the delay of the
output of'the monosfabTe. The output of the monostable is divided
by two by a JK flip flop to préduce a symhetfic 5\kHz square
wave. This square wave drives tﬁe analoag sWitch'which cops the
DC drive 1eVe1'vbltage into a équare wave for the bandpaés fil;
ter. The schematic for the timing and logic is shown in Figure 5.

Qutput Integrator

The output integrator, Figure 6, is a pair of.integrated
circuit amplifiers (LM 725 and NHO002) which are used to amplify
the demoqu]étor output signal to an insfrument output of +5 volts
full scale. The LM725, balanced for low DC drift with tempera-
ture, drives a NH0002 emitter follower. The use of the output
emitter follower on the integrator amplifier prevents Toading due
to external testvequipmént. Sensor feedback signals are taken
from the'emitter'f011ower output a]so.' The integrator acts ‘as
-a low pass amplifier with a frequency cutoff at 5 Hz. The principal
time'constant of the test unit is set by the integrator time

constant.
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Ogeratibn
Operation of the fluxgate test unit consists of setting the
6perating fréquency, the drive level énd‘thé demodulator phase.
'The drive level is set with a front panel screwdriver adjust
while moniforing the drive level at the meter output terminals and
the meter function swifch in the drive position. A resistance, in
_ seriéé with the drive'winding, is mounted on fermina]s'accessib]e
' from the rear. The sensor may be operated over a'range of drive
powef Teve]s by varying either or both fhe drive level adjust and
the drive resistor.
emodu]ator phase is set by the phase screwdriver adjust on
the front panel. This contro] is adJusted to m1n1m1ze the ampli-
tude of the signal monitored across the meter terminals with the
meter functfon'SW1tch in the AC amp position. | |
| The senéitivity of the sensor is adjusted by the gain screw-
drivef_adjust. This adjustment controls the amount of feedback
" to the sensor. For a ring core sensor having 2000 turns on the
sense winding and 150 turns on the féedback winding‘the gain may
be set from 0 1 volts/gamma to 3 0 vo1ts/gamma Gaih is set by
zeroing the sensor output, indicated across the unf11tered output
term1na1s, and then app1y1ng a known field the gain adjustment is

set for the desired reading.

~Performance L )
The f]uxgate test unit has been used to eva]uate a number of

| cores and winding configurations. Stable operation: of the cores

has been observed for periods up to 24 hours with electronic
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temperéfure variations of +10° F. Residual noise in the fluxgate
test unit has been measuired to be leés than 2 milligamma equivaTent
with a shorted input. ‘The overall fréquéncy response, with the‘gainA
set at‘d.] vo]t/gamha was mgasured to be 10 Hz.

Typicé]*operation is shown by Figure 3 which shows a strip
chart recordinj of a 4-79 ring coré, a 2000 turn sense winding and

~a 200 turn feedback winding.



